Abstract: The substitution of Mg 2+ by Mn 2+ in the bacterial DnaB helicase from Helicobacter pylori, an ATP:Mg 2+ -fuelled protein engine, allows electron paramagnetic resonance (EPR) spectroscopy to be performed on this system. EPR experiments make it possible to monitor nucleotide binding and to estimate the fraction of bound Mn 2+ through relaxation measurements. Furthermore, by measuring spin-spin distances we probe the geometry within such multimeric assemblies using ultra-wideband double electron-electron resonance (DEER) and relaxation induced dipolar modulation enhancement (RIDME). The extraction of distance distributions from RIDME experiments on high-spin paramagnetic centres is influenced by the presence of dipolar frequency overtones. We show herein that we can correct for these overtones by using a modified kernel function in Tikhonov regularization analysis routines, and that the overtone coefficients for Mn 
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Introduction
Unpaired electrons are the basis of electron paramagnetic resonance (EPR) spectroscopy. Electron pairing is usually energetically favourable and thus only a small fraction of known chemical or biochemical compounds contains native paramagnetic centres or can be put in paramagnetic states to exhibit an intrinsic EPR signal. Examples are studies of chemical reactivity in transition metal catalysis, [1] [2] [3] electron transfer reactions, [4, 5] metalloproteins [6] [7] [8] [9] [10] or defects in solid-state materials as in semiconductors [11] or polymers. [12] [13] [14] On the other hand, chemically stable paramagnetic species can be attached to sites of interest by so-called site-directed spin labelling (SDSL) under a wide range of conditions. [15] [16] [17] The magnetic moment for electrons is much larger than for nuclei, inducing a larger Boltzmann spin polarization. Thus, as compared to nuclear magnetic resonance (NMR), in EPR spectroscopy the detected photons have larger energies and stem from a larger fraction of unpaired spins at a given magnetic field and sample temperature. In favourable cases, in continuous wave experiments, EPR is able to detect about 10 10 spins or concentrations down to 10 nM in aqueous solution, while the best pulse EPR spectrometers can detect spin concentrations down to the micromolar range and a total number of spins in the sub-nanomole range (~10 12 -10 13 spins). EPR studies can address the properties of electronic configuration for a single unpaired electron or a configuration of several unpaired electrons within one paramagnetic centre or cluster of a few strongly coupled spin centres. In this case, the information on the electronic configuration can be obtained by determining the parameters of the electron Zeeman (EZ) interaction, namely the g-tensor and the zero field splitting (ZFS) interaction. Electron-nuclear interactions are another source of information on the intrinsic electronic and geometric structure and on the local surrounding of the paramagnetic species. In this type of EPR investigations, the electron-nuclear hyperfine interactions, nuclear Zeeman and nuclear quadrupole interactions are analysed. As most of the above interactions are anisotropic, the detection of their time average, e.g. in solution, can also provide direct information about the dynamics of the paramagnetic centres under study. [9, 18] In the presented work we describe yet another type of EPR experiment, where the weak magnetic dipole-dipole interactions in pairs of spin labels are detected to extract intramolecular distances in biomolecules. spin-spin interaction, are an important type of structural information, for instance for biomolecules. To determine this interaction from EPR studies, it is necessary to observe a fraction of spins (A spins) while for another fraction of spins (B spins) their magnetization direction is inverted. [18, 19] The inversion of B spins is achieved either by a microwave pulse at a second frequency, such as in the DEER experiment, [29] or it can be achieved due to spontaneous flips of the B spins due to longitudinal relaxation events, such as in the RIDME experiment. [30] The build-up of the dipolar modulation in the A spin -B spin model is illustrated in Fig. 1c . Inversion of the spin B causes the inversion of the local field it induces at the position of spin A, which causes a shift of the resonance frequency of the A spin. This change in local field is dependent on the inverse cube of the A-B distance. The time evolution of the A spin with changed frequency results in a phase gain of ± ω dd t. Thus, depending on the inversion efficiency λ of the coupled B spin, a fraction of the electron spin echo signal will oscillate with the dipolar frequency ω dd . This fraction λ is often called dipolar modulation depth. Fig. 1b in a DnaB helicase using EPR spectroscopy. [28] Gd
3+ -based Distance Measurements
Site-to-site distance distributions, which can be computed from the dipolar At present, the most reliable way of extracting distances using EPR is the combination of SDSL utilizing nitroxide-based spin labels with the so-called Double Electron-Electron Resonance (DEER) experiment. [15] [16] [17] [19] [20] [21] [22] Nitroxides are well suited, as they are relatively small, sterically not demanding molecules with rather short linkers and the labelling chemistry is well established. Furthermore, nitroxides are sensitive to environmental parameters such as molecular motion on time scales between 10 ps and 1 ms, polarity, proticity, water or oxygen accessibility. Examples are the identification of secondary structure elements through nitroxide side chain mobility together with its solvent-accessibility or the detection of conformational changes in the range of µs-ms by time-resolved EPR. [15] [16] [17] Their EPR line shapes are relatively narrow, so that conventional microwave pulses can excite a sizeable fraction of all spins. It is important to keep in mind that several interactions usually exceed the excitation bandwidth of the strongest microwave pulses in EPR experiments and one often lacks the ability to excite the full spectrum, especially for metal centres.
Hence, why should we bother about using metal centres as spin probes, which typically exhibit much broader EPR spectra, are relatively large and bulky and are for the currently designed experiments less sensitive to their environment? There are several answers to this question. First, some metal centres are chemically more stable than nitroxides and thus EPR experiments can be performed under reducing conditions, e.g. in in-cell experiments. [23, 24] Second, a valuable strategy in EPR, orthogonal spin-labelling, is based on using at least two different types of spins, which allows for spectroscopic selection of individual distances in multi-spin systems. [25] [26] [27] with electron group spin and half-filled f and d shells, respectively. This results in a weak contribution of the orbital momentum to the total momentum causing a weak ZFS. The half-integer spin systems have a narrow central |m = +1/2〉 ↔|m = -1/2〉 transition and are very convenient for high-field/ high-frequency applications, since this central transition narrows with increasing magnetic field strength. [27] Additionally, 218 , as cofactor. [47] During the functional AT P-hydrolysis cycle, the geometry of and distances between the metal binding sites can vary, and insight into the functioning of such AT P-fuelled proteins can be gained by characterizing the interactions between the metal, AT P and the NBDs. Continuous wave (CW) and pulsed EPR methods can be applied by mimicking the nucleotide-bound state through using poorly hydrolysable AT P analogues, e.g. AMP-PNP, [47, 48] :HpDnaB monomer ratio) causes a further change of the spectrum by even stronger prolongation of the rotational correlation time as well as by changes in the ZFS due to a different ligand field. The change in ZFS is also observed in the echo-detected EPR spectra of glassy frozen solutions (Fig. 2b) as the width of the outer envelope of the Mn 2+ spectra scales with the strength of the ZFS.
Protein binding can be further quantified by relaxation measurements. The presence of several paramagnetic metal centres in the close vicinity of each other in the DnaB multimer, and the use of protonated protein and deuterated buffer lead to a strong difference in the transverse relaxation for the Mn 2+ centres bound to NBDs as compared to Mn 2+ coordinated to AMP-PNP in deuterated solution (Fig. 2c) . The main contribution to this difference is spin diffusion of protons that are more abundant near the protein metal binding sites. This spin diffusion causes a stronger stochastic fluctuation of the local hyperfine field at the electron spin for bound Mn This problem is ill-posed, [37] but can be stabilized by using Tikhonov regularization. [38] [39] [40] Given a fixed distance and spin flips with a change of electron spin magnetic quantum number of only ∆m s = ± 1, the oscillation in the form factor can be parametrized with a single dipolar frequency ω dd (Fig. 1f, purple curve) . The Fourier transform of the form factor to frequency domain gives a scaled Pake pattern (Fig. 1e, purple curve) . This pattern is characterized by two maxima, which are split by 2ω dd, and has a total width of 4ω dd. However, RIDME data, [36] obtained for a Gd-ruler compound [41] (Fig. 1d) exhibiting a narrow distance distribution with a mean distance of 4.3 nm, [33, 42] show an oscillation pattern, which contains at least two further frequency contributions. Its Fourier transform exhibits additional shoulders, besides the two maxima (Fig. 1e, black  curve) . These shoulders can be attributed to Pake-like patterns of B spin transitions with ∆m s = ±2 (orange curve) and ±3 (green curve) corresponding to the dipolar frequency overtones of 2ω dd and 3ω dd . [43] If the standard DEER data analysis routine [38] is applied to such high-spin RIDME data, an apparent multi-modal distance distribution results (Fig. 1g, black curve) . The artefact peaks at d exp / s = 3.0 and 3.4 nm can be attributed to higher-order quantum transitions. In contrast, using a modified kernel function (Eqn. (3)) that accounts for the first two harmonic overtones, 2ω dd and 3ω dd , with given weights P 2 and P 3 , respectively, it was possible to accurately reconstruct the anticipated distance distribution (Fig. 1g, dashed blue curve) . [36] The application of the RIDME pulse sequence resulted in traces with very high modulation depth of about up to 65% of the electron spin echo intensity. [36, 43] More details on the advantages and disadvantages of using ultra-wide band DEER and RIDME for high-spin centres can be found in previous publications. [33, 34, 36, [43] [44] [45] [46] Paramagnetic Metal Ion Substitution of Mg 2+ by Mn
2+
We now turn to the (double-) hexameric DnaB helicase from Helicobacter pylori spreads over a range of about 5 GHz. The orange bar indicates the bandwidth of a strong 12 ns pulse, which covers only a tiny fraction of the Gd 3+ -spectrum. This means that we can only invert a small number of spins upon application of such pulses leading to a low modulation depth, which limits the reliability of extracted distance distributions. Over the last few years the methodology of broad-band chirp pulses has been transferred from NMR and optimized for use in EPR spectroscopy. [31] [32] [33] [34] It was shown that modulation depths up to 20% could be achieved for Gd 3+ -Gd 3+ model compounds. [33] While it was shown that broad-band DEER can lead to a significant improvement, we found it tempting to also substitute the technically demanding broad-band spin inversion by a relaxation-based mechanism, which is utilized during the mixing block in the RIDME pulse sequence. [35] The RIDME pulse sequence is shown in Fig. 1a . [35] The first two pulses generate electron spin coherence on the A spin, which refocuses to a primary echo (PE) and then defocuses again. The third pulse stores the observer magnetization along the direction of the external magnetic field in form of a polarization grating. The fourth pulse flips the magnetization back in the transverse plane where it is detected as a refocused virtual echo (RVE). [35] During the mixing block, spontaneous B spin flips occur and shift the resonance frequency of the A spin, which subsequently gains the phase ± ω dd t. If the mixing block is stepped through with time t, the time evolution of the phase gain can be observed as a periodic oscillation with cos(ω dd t) on top of the intermolecular background decay. [30, 35] A drawback of the RIDME technique is, however, the stronger background decay than in the DEER experiment, which results from a loss of RVE intensity by spectral diffusion during the mixing block. This loss is the stronger, the finer the polarization grating is and finesse of this grating increases with increasing time t between PE refocusing and storage of the magnetization by the first π/2 pulse. This non-exponential decay contribution makes the separation of the dipolar evolution function, the so-called intramolecular form factor F(t), and the intermolecular background function more difficult and may complicate the measurement of long distances. [36] After removal of the background function, we need to invert Eqn.
(1) to obtain the distance distribution P(r) [37] [38] [39] = ,
Laureates 4 219 ta were acquired in W band (94 GHz) due to the stronger appearance of electron spin echo envelope modulations in the RIDME experiment in Q band (34 GHz). [52] [53] [54] The resulting time trace is shown in Fig. 3d . After background correction, the depth of dipolar modulation amounts to about 6% considering that the first sharp initial decay is attributed to an artefact peak (Fig. 3e) . The time trace is about four times shorter than the DEER time traces, since longer RIDME traces exhibited strong artefact peaks. Processing of the data with the standard routine, we observe two distinct peaks around 2.4 and 3 nm (Fig. 3f , black curve). This corresponds exactly to a primary frequency ω dd of a 3 nm distance as well as its first overtone 2ω dd . If the modified kernel function from Eqn. (3) and coefficients P 2 = 0.5 and P 3 = 0.1 obtained for Mn
ruler compounds [44] are used for data processing we obtain a relatively clean distance distribution in agreement with the DEER data presented above (Fig. 3f , cyan curve).Yet, for the currently available trace length, we cannot detect distances longer than 4 nm. It is promising that the RIDME overtone coefficients are similar for DnaB and for earlier published Mn 2+ -Mn 2+ model compounds. [44, 55] However, more examples are required to ascertain that the calibrated overtone coefficients are generally applicable. Furthermore, it is necessary to reduce artefacts in RIDME. Complementary information on the conformational properties of the AT P:Mg 2+ -binding site were obtained by solid-state NMR spectra, showing the high benefit of combining different techniques to obtain deeper insights in the systems under investigation. [28] 
Conclusion
Application of EPR to metal centres in biological systems allows to monitor nucleotide binding, to estimate the fraction of bound Mn 2+ through relaxation measurements, and to extract spin-spin distances to probe the geometry of multimeric assemblies using the ultra-wideband DEER as well as the RIDME technique. To widely employ the RIDME technique, the approach still needs to be improved. The reliability of background correction needs to be investigated and strategies to reduce artefact peaks in the distribution of dipole couplings need to be developed. For highspin metal centres, validity of a set of constant overtone coefficients in the RIDME kernel should be tested on a larger set of systems. The combination of different EPR, NMR as well as other spectroscopic techniques provides more information on the system and improves reliability of this information. Such integrative approaches are thus valuable in structural biology.
ions bound to NBDs is faster than in the free state. For the case of incomplete binding, this leads to a very small modulation depth in the DEER experiment. The modulation depth is further reduced due to the broad EPR spectra of Mn 2+ ions (Fig. 2b) . Therefore, we conducted DEER experiments in Q band (34 GHz) using wideband pulses of a total bandwidth of 0.8-1.2 GHz. The resulting distance distribution obtained by Tikhonov regularization analysis [38] is shown in Fig. 3c . The distance peaks of 3 nm and, with lower significance, of 5-6 nm, are in rather good agreement with the (double-)hexameric assembly in HpDnaB from the homology model (inset in Fig. 3b ) based on the structure of the AaDnaB:ADP:Mg 2+ complex obtained crystallographically. [51] Remaining flexibility or unspecifically bound Mn 2+ may induce the less significant peaks in the range between 3.4 and 4 nm.
It is important to note that at least a full dipolar oscillation needs to be detected to extract the corresponding distances (see colour coding in Fig. 3c,f) . Thus, distances larger than 7 nm are not accessible from the data presented. [28] Even with the use of wideband pump pulses only a low inversion efficiency of about 1.5% could be achieved (see Fig. 3b ). Therefore, we investigated if the use of the RIDME sequence can improve the inversion efficiency. RIDME dathe electron spin echo decay would be a superposition of the contribution from protein-bound Mn . Indeed, the transverse relaxation curve shows a fast initial decay, dominated by the bound species, and a slower decaying tail stemming from the unbound species. Using the Mn 2+ :AMP-PNP echo decay as a reference for the slowly relaxing species, we can remove the contribution of the solvent-exposed Mn 2+ by dividing the two time traces under the assumption that the relaxation pathway for the protein-bound species is independent of all other channels, and that the total relaxation rate is a sum of the rates of all relaxation pathways, i.e. relaxation processes are uncorrelated. [28, 49, 50] The division trace (Fig. 2d) reveals the fast component of the protein-bound relaxation pathway added to an approximately constant contribution resulting for the unbound relaxation pathway. That the contribution from unbound species is not constant may be related to additional intermolecular interactions as well as to correlation between relaxation processes. The crossing point rather accurately marks the relative fraction of bound to unbound species, which is in the presented case about 3 to 2. [28] In this system, even for deuterated DnaB samples used to measure dipole-dipole interactions, the relaxation of Mn 
